Background: It remains unclear whether hepatitis C virus (HCV)-infected Japanese patients on hemodialysis (HD) have an altered viral response to glecaprevir (GLE) and pibrentasvir (PIB) combination therapy and whether this treatment is safe for this patient group. Therefore, we investigated the characteristics associated with virological response to GLE and PIB combination therapy for HCV in Japanese patients undergoing HD. This study aimed to evaluate the safety and efficacy of GLE and PIB combination therapy in HCV-infected Japanese patients on HD. Methods: This multicenter, single-arm, open-label, and prospective study was conducted at four centers in Japan and enrolled Japanese patients with chronic HCV genotype 1b, 2a, and 2b infections. Enrolled patients received 300 mg GLE in combination with 120 mg PIB once daily for either 8 or 12 weeks. The primary endpoint of this trial was the rate of sustained virological response at 12 weeks after treatment (SVR12). Furthermore, pharmacological effects and adverse events associated with combination therapy were evaluated.
Background
The introduction of direct-acting antivirals (DAAs), which refer to small-molecule inhibitors of different viral proteins, has improved both the sustained virological response (SVR) rates and the tolerability of prolonged treatment in comparison with interferon (IFN)-based medicine [1, 2] . As treatment-related toxicity associated with IFN and ribavirin (RBV) is common, an IFN-free regimen with DAAs can be particularly effective for patients with end-stage renal disease, including those on hemodialysis (HD) [3] [4] [5] .
In Japan, several combined regimens, including daclatasvir (DCV)/asunaprevir (ASV), ombitasvir/paritaprevir/ ritonavir, and elbasvir/grazoprevir, which are primarily eliminated by hepatic metabolism, are available for the effective treatment of HD patients with hepatitis C virus (HCV) genotype 1b infections [6] [7] [8] . Despite the remarkable success of IFN-free regimens for patients with HCV genotype 1 infections, currently available regimens without RBV provide insufficient SVR rates in patients with genotype 2 infections.
Glecaprevir (GLE) is a nonstructural protein (NS) 3/ 4A protease inhibitor coformulated with pibrentasvir (PIB), an NS5A inhibitor, and is currently being investigated as a regimen with potential efficacy against all HCV genotypes [9] [10] [11] . The pharmacokinetics of GLE and PIB, which are primarily eliminated by hepatic metabolism, have been assessed in patients with end-stage renal disease. In addition, GLE and PIB are not removed from plasma by HD [12] . Recently, the EXPEDITION-4 trial in patients with HCV genotype 1-5 or 6 infection has reported the safety and efficacy of 12-week GLE and PIB combination therapy as treatment for chronic HCV in patients undergoing HD, showing dramatically improved rates of SVR at 12 weeks after treatment (SVR12) [12] . Therefore, this regimen is expected to yield beneficial results in specific populations, such as HCV genotype 2-infected Japanese patients with insufficient renal function. However, it remains unclear whether HCV-infected Japanese patients on HD experience positive outcomes with respect to SVR and safety following GLE and PIB combination therapy. Furthermore, the treatment duration of GLE and PIB combination therapy was 8 weeks for patients who neither had compensated liver cirrhosis nor had received previous DAA therapy in Japan. To the best of our knowledge, there are no data on the efficacy of 8-week GLE and PIB combination therapy in patients undergoing HD. Accordingly, this study aimed to evaluate the safety and efficacy of GLE and PIB combination therapy in HCV-infected Japanese patients on HD.
Methods

Ethics
This study was approved by the institutional review board (IRB)/ethics committee of Kitasato University School of Medicine (IRB number: C17-237) and Tokushukai Medical Group (IRB number: TGE00926-024) and is registered in the University Hospital Medical Information Network (UMIN) Clinical Trials Registry as UMIN000029781.
Study design and patients
This multicenter, single-arm, open-label, and prospective study was conducted at four centers in Japan. The enrollment commenced in November 2017, and the study was completed in July 2018. Patients with chronic HCV genotype 1b, 2a, and 2b infections who were undergoing HD received GLE and PIB. All enrolled patients received 300 mg GLE in combination with 120 mg PIB once daily for either 8 or 12 weeks. According to the manufacturer's prescribing information for both medications, treatment duration should be 12 weeks for patients who had compensated liver cirrhosis and/or received previous DAA therapy. Diagnosis of liver cirrhosis was based on laboratory results, ultrasonography, and computed tomography revealing a hepatic cirrhotic appearance and/or splenomegaly. Liver biopsy was not performed for all patients because of the high risk of life-threatening complications. The discontinuation criteria for the enrolled patients were as follows: (1) occurrence of viral breakthrough (increase in plasma HCV-RNA levels exceeding 1 log 10 IU/mL compared with the lowest recorded on-treatment value), (2) occurrence of severe adverse events according the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE) version 4.0, and (3) patient's desire to terminate.
Eligibility criteria
This study enrolled Japanese patients with chronic HCV genotype 1b, 2a, and 2b infections for at least 6 months and plasma HCV-RNA levels ≥ 2 log 10 IU/mL. Treatmentnaïve or treatment-experienced patients (previously treated with IFN-based therapy and/or IFN-free therapy) aged ≥ 20 years who were currently undergoing HD were included in the study. Conversely, patients with (1) decompensated liver cirrhosis (Child-Pugh classes B and C), (2) hepatocellular carcinoma, (3) resistance-associated variants of NS5A-P32 deletion among those with HCV genotype 1b, (4) infection/coinfection with hepatitis B virus or human immunodeficiency virus, (5) previous exposure to IFN-based therapy or DAA inhibitors within 1 month before drug administration, and (6) alanine aminotransferase (ALT) levels greater than five times the upper limit of the normal range, platelet and white blood cell (WBC) counts lower than 50,000 and 4000/mm 3 , respectively, and hemoglobin (Hb) levels less than 8.5 g/dL were excluded from the study.
Clinical parameters
The clinical characteristics of enrolled patients were evaluated. Data on demographics, plasma HCV-RNA levels, and baseline laboratory results before study drug administration were collected. Blood samples were obtained at each study visit before dialysis, and plasma HCV-RNA levels were quantified using Cobas TaqMan version 2.0 assay (Roche Diagnostics, Tokyo, Japan). The lower limit of quantification was 1.2 log 10 IU/mL. HCV-RNA levels were measured at baseline; at treatment weeks 4, 8, and 12 (in patients in the 12-week treatment duration group); and at post-treatment weeks 4, 8, and 12.
We analyzed baseline resistance-associated variants at signature amino acid positions associated with resistance for genotype 1b using direct sequencing, such as NS5A-Y93, L31, P32, and NS3/4 D168 [13] . With respect to the laboratory tests performed, WBC, neutrophil, and platelet counts and levels of Hb, total protein, serum albumin, blood urea nitrogen (BUN), serum creatinine, total bilirubin, aspartate aminotransferase (AST), ALT, Mac-2-binding protein glycan isomer (M2BPGi), and α-fetoprotein were analyzed.
Efficacy
The primary endpoint of this trial was the SVR rate in the cohort (HCV-RNA level below the lower level of quantification) at 12 weeks after the end of treatment (SVR12) according to intention-to-treat analysis. We also investigated the mean decrease in plasma HCV-RNA levels between baseline and week 4 after combination therapy administration and the proportion of patients showing SVR at week 4.
Safety assessment
To evaluate safety and tolerability, we assessed the pharmacological effects and adverse events that occurred after the initiation of combination therapy during each study visit from the first day of study drug administration to 30 days after the last dose. The severity of any adverse events was graded using CTCAE version 4.0.
Statistical evaluation
Data were analyzed using the SPSS v.24.0 software package (IBM Corp., Armonk, NY, USA). All data were expressed as minimum, maximum, and median values. To assess the pharmacological effects of study treatment, Wilcoxon signed-rank test was used for the analysis of paired data. All differences with a p value < 0.05 were considered significant.
Results
Characteristics of patients
Among 1022 HD patients who were serologically tested in 16 dialysis facilities using third-generation enzymelinked immunosorbent assay, 56 (5.5%) and 20 (2.0%) patients tested positive for hepatitis C antibody and HCV RNA, respectively. Of these 20 patients, two dropped out during the run-in period owing to failure to meet the criteria for commencing treatment, whereas the remaining 18 patients received combination therapy. Among these patients, two did not complete the study owing to clinical events (Fig. 1) . Thirteen patients received combination therapy for 8 weeks, and five patients who had compensated liver cirrhosis and/or underwent previous DAA therapy received combination therapy for 12 weeks. The demographics and other baseline clinical characteristics of enrolled patients are summarized in Table 1 .
The median age of patients was 67.5 years (range, 48-84 years), and 14 patients (77.8%) were male. Furthermore, four patients (22.2%) had liver cirrhosis, and four (22.2%) were previously treated with IFN-based and/or DAA-based therapy. Nine, six, and three patients were infected with genotypes 1b, 2a, and 2b, respectively. The HCV level was 6.55 log 10 IU/mL (range, 4.1-7.3 log 10 IU/mL). NS5A-Y93H, L31 M/V, and D168E in genotype 1b were detected in three patients (11.7%) who had a history of DAA therapy (DCV and ASV combination 
Virological response
The results of the primary endpoint analysis indicated an SVR12 rate of 94.4% (17/18). The SVR12 rates in patients with genotype 1b, 2a, and 2b infections were 9/9, 6/6, and 2/3, respectively. The median decrease in plasma HCV-RNA levels between baseline and week 4 in all patients after combination therapy administration was 5.5 log 10 IU/mL.
Patients receiving combination therapy for 8 weeks vs.
weeks
Among patients treated with combination therapy for 8 weeks, only one patient experienced virological relapse at week 12 after the end of treatment. The proportions of patients with undetectable HCV-RNA levels at treatment weeks 4 and 8 and at post-treatment week 12 were 100% (13/13), 100% (13/13), and 92.3% (12/13), respectively. In patients treated with combination therapy for 12 weeks, including those with liver cirrhosis and/or previous DAA exposure, two clinical events led to the discontinuation of combination therapy. The proportions of patients with undetectable HCV-RNA levels at treatment weeks 4 and 8 and at post-treatment week 12 were 100% (5/5), 100% (4/4), and 100% (5/5), respectively.
Treatment response for previous DAA treatment failure
The demographics of patients with previous DAA treatment failure and other baseline clinical characteristics are summarized in Table 2 . The previous DAA treatments for all patients were DCV and ASV combination therapy. All patients who experienced previous virological failure following DAA treatment substantially had variants within the HCV NS 3/4 and NS5A region. The SVR12 rate for patients who had previous DAA treatment failure was 100% (3/3).
Virological failure
Virological failure was observed in only one patient. After combination therapy administration for 8 weeks, virological relapse occurred at week 12 after the end of treatment. The patient was a 63-year-old man who had HCV genotype 2b and HCV-RNA level of 6.5 log 10 IU/ mL without a history of previous DAA exposure. The duration of HD was 6.5 years, and the cause of end-stage renal disease was diabetic nephropathy. Ultrasonography revealed chronic liver disease. The M2BPGi level was 0.6 C.O.I.; the AST to platelet ratio index and FIB-4 index were 1.667 and 1.03, respectively. Data are expressed as median, n (%), min-max RNA ribonucleic acid, M2BPGi Mac-2 binding protein glycan isomer
Pharmacological effects
Following drug administration, a decrease in the median ALT level from 16 to 8 IU/L and in the mean M2BPGi level from 1.8 to 1.5 C.O.I. was observed at the end of treatment (p < 0.001, 0.075, respectively). The baseline and post-treatment Hb levels were indistinguishable (11.8 vs. 11.6 g/dL, p = 0.757). There were no significant differences in WBC, neutrophil, and platelet counts and levels of total protein, serum albumin, BUN, serum creatinine, total bilirubin, and α-fetoprotein between baseline and post-treatment.
Safety assessment
The incidences of drug-related adverse events and adverse drug reactions are shown in Table 3 . Adverse events were observed in nine patients (50.0%) during treatment. The most frequent adverse event was pruritus, which was noted in seven patients (38.9%). Specifically, pruritus occurred in 4 of 14 (28.6%) cases with chronic hepatitis and 3 of 4 (75%) cases with compensated liver cirrhosis. Pruritus occurred more frequently in patients with compensated liver cirrhosis. There were no grade 2 or higher abnormalities in AST, ALT, and total bilirubin levels, and grade 3 or higher anemia was not observed. Although there were no treatment-related deaths, two clinical events led to the discontinuation of combination therapy. One patient with a history of HCV treatment with DAA was hospitalized because of right leg cellulitis (grade 3) at treatment week 6. Cellulitis was not considered by the trial investigators to be drug-related. Another patient who had compensated liver cirrhosis exhibited grade 2 pruritus at week 2, and treatment with GLE and PIB was scheduled for 12 weeks. Although antihistamine and nalfurafine hydrochloride were administered, the patient opted to discontinue the treatment with these drugs at week 8.
Discussion
In a meta-analysis, Fabrizi et al. reported that the estimated adjusted relative risk of all-cause mortality was 1.34 times (95% confidence interval, 1.13-1.59) higher in anti-HCV-positive patients on HD than in anti-HCVnegative patients [14] . Söderholm et al. showed that IFN-based therapy improved the survival (odds ratio, 3.90) of patients with chronic hepatitis C infection before and during HD compared with that of untreated patients [15] . Therefore, the high therapeutic effect of DAAs may further improve the outcomes of HD patients. A phase III trial has reported the efficacy and safety of GLE and PIB for HCV in 332 Japanese patients. Of these patients, 320 did not have renal impairment, and the SVR12 rate for patients without renal impairment was 97.8% (313/320) [16] . In this study, GLE and PIB combination therapy yielded an SVR rate of 94.4% for Japanese HD patients infected with HCV genotypes 1, 2a, and 2b. The present study showed that the SVR rate for patients with or without renal impairment was equivalent.
Until the introduction of GLE and PIB combination therapy, no IFN-free treatment without RBV for HCV genotype 2 infections was approved in Japan. DAA regimens with RBV for patients with stage 4 or 5 chronic kidney disease, including patients on HD, showed low tolerability and high rates of treatment discontinuation due to adverse events, such as reduced Hb level and elevated indirect bilirubin level [17] [18] [19] . GLE and PIB combination therapy, which can be provided regardless of baseline genotype, is often chosen because the drugs are cleared by the biliary system, and dose adjustment is not required for patients with severe renal impairment, including those on HD [20, 21] . This treatment regimen could contribute to the clinical practice in Japan, in which treatment options for patients with HCV genotype 2 infections who are undergoing HD remain few.
Our findings indicated that GLE and PIB combination therapy was effective in HD patients, including those with a history of DAA therapy and/or compensated liver cirrhosis. Phase I, II, and III trials on GLE and PIB combination therapy over an 8-week duration showed that a history of DAA therapy, genotype, and liver cirrhosis were independent factors affecting treatment response [22, 23] . In the present study, a treatment duration of 12 weeks led to positive outcomes in HD patients with liver cirrhosis and previous DAA treatment failure, suggesting that a sufficient treatment duration is viable in this patient group.
However, only one patient who received combination therapy for 8 weeks was reported to have had virological failure in this study. He had HCV genotype 2b without liver cirrhosis and a history of previous DAA therapy. The EXPEDITION-4 trial reported that no patients experienced virological failure with 12-week GLE and PIB combination therapy [12] . Although this patient had no risk factor for virological failure, to our knowledge, laboratory results and imaging examinations may have led to the underestimation of fibrosis stage. A treatment duration of 8 weeks may have been insufficient for this patient because of the extent and progression of liver fibrosis.
In this study, there were no treatment-related deaths or severe adverse events. A phase III trial also reported that GLE and PIB combination therapy was well tolerated by patients with no serious drug-related adverse events. A phase III trial in Japan reported a frequency rate of 6.9% (22/320) for pruritus in patients without renal impairment [16] . The frequency rate for pruritus (38.9%) in the present study was considerably higher than the rates in previous reports. Pruritus is a frequent side effect of these drugs, regardless of compensated liver cirrhosis. The mechanism for this remains unclear owing to limited available data. Moreover, pruritus is a symptom frequently observed in patients on HD, affecting 53.8% of patients on HD; however, its etiology is not completely understood [24] . Therefore, the incidence of pruritus may have increased because of the additive effect of GLE and PIB administration in patients undergoing dialysis.
In the present study, two patients who showed SVR12 had clinical events that led to the discontinuation of combination therapy. One patient with compensated liver cirrhosis chose to terminate treatment because of pruritus. Pruritus occurs more frequently in patients with compensated liver cirrhosis and can be more severe. Another patient with chronic cardiac disease was hospitalized owing to right leg cellulitis at treatment week 6. As such, cellulitis was likely due to edema resulting from the patient's poor cardiac function. We determined that this clinical event was not caused by combination therapy. It is well known that HCV patients on dialysis are at an increased risk of treatment discontinuation owing to adverse events unrelated to HCV treatment, such as infection and/or cardiac disease. Therefore, a shorter treatment duration is often more beneficial in this patient group.
The present study has three limitations. First, the study was performed on a small sample of patients; therefore, there might have been some selection bias. Second, it is unclear whether DAAs improve the long-term prognoses of these patients. Finally, as previously mentioned, more detailed in vivo pharmacokinetic studies on GLE and PIB combination therapy should be performed to determine whether HD affects serum concentrations and drug activity in patients.
Conclusions
The results of this single-arm, open-label study indicated that an RBV-free coformulation of GLE and PIB is effective as treatment for chronic HCV genotype 1b, 2a, and 2b infections in Japanese patients undergoing HD. 
